Dynamically, the tropical cyclone is a mesoscale power plant with a synoptic-scale supportive system.
By the early 1960's, the general structure and energetics of the system and basic components of the supportive mechanism were fairly well documented by the instrumented aircraft observation of hurricanes and through the diagnostic interpretation of the data.
The prognostic theory which would have unified these basic findings in a dynamically coherent framework had a more difficult time emerging. When a viable theory finally emerged, a change in the theoretical perception of the problem was necessary. 
Introduction
The tropical cyclone is a complex system of interacting physical processes and multiscale motions. A complete description would have to cover nearly all the subjects in meteorology, from cloud physics within turbulent convection to general circulations of the tropics, and from interaction with the ocean to radiative heat transfer into outer space. One of the most difficult aspects to theorize upon is the organized moist convection. Although mesoscale organization of convective clouds is also present in many other weather systems, its role in the tropical cyclone has certain unique characteristics. The significance of understanding these characteristics can be clearly seen when one reviews the advances made in tropical cyclone research during the past two decades.
The progress has been neither smooth nor straightforward.
At times, communication among investigators has seemed to have presented as difficult a problem as the tropical cyclone itself. Some views of the theoretical progress, such as those presented by Gray (1980) , do not promote reasoned dialogs. Those investigators who are more theoretically inclined have also contributed to the difficulty; the confusion about the popular acronym CISK is so wide-spread that it has become a useless term in any sensible communication. Another difficulty is the wide latitude in the usage of words "formation"
and "genesis". These (Riehl, 1954) , is a distillation of those observed facts. It is this secondary circulation that allows a mathematical model of the primary vortex to make first contact with the physical world. To put it another way, the consideration of physics in the secondary circulation, or the absence of it, makes the distinction between a meteorological model of the tropical cyclone and a fluid dynamic model of a "hurricane-like" vortex.
If the vortex together with the secondary circulation were to remain in a steady state, as the real storm does in good approximation, certain conditions would have to be satisfied along the trajectory of the secondary flow. It is obvious that the interior updraft must be in moist adiabatic ascent to maintain the warm core. However, to keep its temperature warm enough for the low surface pressure of a typical storm, the inflowing ai r must enrich its heat content by picking up sensible and latent heat from the ocean as the air moves toward the low pressure center. For the air to be able to move along the inward trajectory in the inertially stable, steadystate vortex, the angular momentum of the moving air must be partially diminished by friction against the ocean. The outflow leg of the secondary circulation may be physically inactive if the upper region of the primary circulation conforms to the angular momentum transported by the secondary circulation from below.
The above is the essence of the steady-state theory, presented by Malkus and Riehl(1960) and Riehl(1963) .
Actually, their purpose was not to prove that a steady state is strictly possible, but, rather, to show that the exchange of both angular momentum and thermodynamic energy between the low-level inflow and the ocean is necessary,, and empirically sufficient, to explain the coexistent primary and secondary circulations of a 'mature tropical cyclone in the inner area of a few hundred kilometers. Although numerical estimates of the boundary fluxes may vary with the intensity of the storm or with different data sets (Frank, 1977) (Gray, 1978) , but there are no hard data that might reveal the individual circumstances of tropical cyclone formation, or nonformation, in sufficient detail. Even if we were to carry out a field experiment to obtain such data, a diagnostic analysis of formative events would prove very difficult. It is unrealistic to assume that the formation of an incipient vortex is triggered by a special mechanism or mechanisms, or that genesis is a discontinuous change in the normal course of atmospheric processes. For the reason that is discussed below, it is far more natural to assume that genesis is a seriess of events, arising by chance from quantitative fluctuations of the normal disturbances, with the probability of further evolution gradually increasing as it proceeds. According to this, view, the climatological and synoptic conditions do not directly determine the process of genesis, but may certainly affect the probability of its happening. With a better understanding of the mesoscale dynamics of organized convection, the range of statistical uncertainty can be narrowed down. Nevertheless, the probabilistic nature of tropical cyclogenesis is not simply due to lack of adequate data, but is rooted in the scale-dependent dynamics of the atmosphere.
The schematic diagram in Fig.1 summarizes the scale dependence. The abscissa represents a spectral decomposition of the motion in terms of horizontal scale l. All the scales of motion on the abscissa may be present at any point in the geometrical space. The ordinate indicates Rossby's r adius of deformation *, which is a measure of the rotational constraint on the motion. In the general state of the atmosphere, in which dis- turbances are relatively weak, the rotational constraint arises mainly from the earth's rotation. Thus, the spectrum of motion at a given latitude may be represented on an appropriate horizontal line in the diagram. A typical line for the tropics (*=1000km) and one for the extratropics (*= 300km) are shown. The third horizontal line is discussed later. Static stability of the atmosphere, except for the moist process, is assumed to be constant.
For a given *, the large-scale components of motion with l greater than * are quasi-horizontal and nearly in geostrophic balance with the pressure field, being strongly constrained by the earth's rotation. Vertical motion does occur, but only to the extent that is required by the adjustment of one balanced state of horizontal motion to another. Phillips (1963) divides geostrophic motion into two types, but we shall refrain from discussing the detail. According to the theory of geostrophic turbulence (e.g., Rhines, 1979; see also a very illuminating review paper by Tennekes , 1978) , the spectral evolution of a twodimensional flow is characterized by a slow rate of enstrophy cascade; for the atmosphere, the time scale is about a day. The kinetic energy cascade into smaller scales is essentially prohibited. Translated into more practical terms, the theory implies that the quasi-balanced synoptic-scale flow, shown by heavy-line segments in Fig. 1 , is deterministically predictable for a period of, at least, a few days. It may be noted that the synoptic scale. here, is dynamically defined relative to *, rather than by a fixed geometrical scale.
On the small-scale end of the spectrum is a different regime of motion, characterized as threedimensional turbulence. Since the atmosphere is statically stable, very little energy should exist in this part of the spectrum, unless the air is heated from below, as in the boundary layer, or internally by latent heat of condensation, as in convective clouds. Over the warm tropical ocean, both conditions are regularly met; a well-mixed boundary layer of 'moist air and numerous convective clouds are ubiquitous phenomena. Horizontal scales of the energy-producing primary eddies (individual clouds) are limited by the vertical scale of a moist-adiabatically unstable layer. Thus, the area to the left of l=H in Fig. 1 represents the regime of free convection, where H is either the scale height or, at most, the depth of the troposphere. According to the theory of three-dimensional turbulence, energy rapidly cascades into smaller and smaller scales, and no deterministic prediction in this regime is possible. Numerical simulation of a typical cloud cell may be achieved with statistical assumptions on in-cloud turbulence.
In a more general prediction of the convective regime, clouds themselves must be considered to be statistical entities.
Since the atmosphere is not horizontally uniform, the small-scale free convection does not occur uniformly everywhere, but is modulated in patches of greater horizontal scales. Under certain conditions, the energy of the modulating scale also grows with the constituent free convection, and the modulation may eventually become a self-regulating mechanism.
The result is the mesoscale system of organized convection. Unlike the synoptic-scale flow that can persist by itself, the mesoscale system cannot exist without active convection within. Thus, although it may last much longer than individual clouds, the time evolution of a mesoscale system is essentially probabilistic, unless it is strongly controlled by a more deterministic synoptic-scale environment. Typical scales of the mesoscale convective systems observed during the GARP Atlantic Tropical Experiment (GATE) were several hours long and a few hundred kilometers, at most. These scales were considerably smaller than those of the easterly wave, the prominent synoptic feature in that part of the tropics. Although the occurrence of mesoscale systems was statistically related to the wave phase, the association in terms of individual systems was highly variable. The composite average structure of the easterly wave by Thompson et al. (1979') In the extratropics, on the other hand, the scale separation between the mesoscale and the synoptic scale is small, suggesting a closer control of the former by the latter. In fact, a reasonable warning of severe weather can be issued from a synoptic forecast in mid-latitudes, even though individual tornadoes are not predictable.
Returning to the main topic, we now perceive the question of tropical cyclogenesis to be that of placing probabilistic mesoscale convective systems under the control of a deterministic environ-ment. In the tropics, the mesoscale organization cannot grow to the normal limit of the synoptic scales. (The reason is discussed, later, in conjunction with Fig. 3 .) However, if the relative rotation and vorticity are increased in an area, the environment of mesoscale systems in that area is stiffened by the increased inertial stability. In other words, * is locally decreased and, thus, the lower scale limit of the quasi-balanced flow regime is brought down closer to the mesoscale. If, by any chance, this trend were continued, the deterministic dynamics of the balanced flow would begin to take over the control of the mesoscale convection. The final stage of this process, in which the control is complete, is indicated by the third horizontal line in Fig. 1 . A full view of the scale diagram for a mature cyclone is shown in Fig. 2 , in which * is dependent on local inertial stability and, thus, a function of radius, r. (Conversely, r is a function of *.)
The mature cyclone, adopted here for the illustration purpose, assumes a maximum tangential wind speed of 60ms-1 at r=30km, with the wind decreasing outwards according to the inverse half power of radius. Thus, the local inertial stability, defined as the geometric mean of absolute vorticity and absolute angular speed, will decrease (or, * will increase) with the -3/2 power of radius, until Coriolis parameter due to the earth's rotation becomes dominant at large radii. The line, labeled "hurricane core", in Fig. 1represents * at r=50km of this typical cyclone, demonstrating a sharp increase in the local inertial stability, by almost two orders of magnitudes, from the normal state in the tropics. Clouds are still in the regime of three-dimensional turbulence, but the cloud-organizing mesoscale extends into the quasi-balanced flow regime, as indicated by the heavy line segment. The line terminates at l=50km, because those spectral scales that are greater than the radius under consideration are not wholly affected by high inertial stability of the local area. Therefore, taking all radii together, we may consider l=r(*) in Fig. 2 to be the dividing line between the spectral scales that participate in the internal dynamics of the cyclone under the influence of prevailing local inertial stability and those scales that merely reflect the presence of external influences. The diagrams, above, do not show how much spectral power, or energy, is actually associated with each scale. It is a question for the dynamic theory or numerical model to answer. However, the darkened area in Fig. 2 , between l=* and l =r(*) , implies the existence of cloud-organinzing mesoscales within the deterministic regime of the balanced flow. This fact, as we further discuss in the following section, is the basis of a closure hypothesis which the popular but badly misused acronym CISK was originally meant to be.
At the beginning of the genesis process, the moist convection is modulated and sustained by the three-dimensional dynamics of mesoscale systems, in which the vertical shear, the rain-induced in the traditional idiom of stability theories. In the conclusion of this section, we may express a word of caution with respect to recent studies aimed at the genesis question. There is no doubt that there exist large-scale influences on the genesis process. However, the composite studies of observational data that have been summarized in Gray (1978) do not necessarily reveal causal effects of large-scale conditions. Their findings in prehurricane and pretyphoon cases may be merely confirmation that the genesis process is already on its way. Numerical simulation studies, such as Kurihara et al. (1981) , are necessary and important 'means of exploring the multi scale three-dimensional problem of tropical cyclothe secondary circulation is unchanged, except that the geometry of the trajectory should not be fixed and the updraft cannot be strictly in moist neutral ascent. It is the presence of the primary circulation that was taken for granted earlier and that now must be explained. The intensity of a tropical cyclone usually is measured in terms of either the minimum sealevel pressure at the center or the maximum speed of rotational wind that occurs in the zone of eyewall convection, usually within 50km of the center. As we have mentioned, a low sea-level pressure requires a warm column of air aloft, which, in turn, requires the rotation of air around it to stay in place. If there were no rotation in a deep layer of the cyclone, it would be a matter of minutes, not hours, for the warm inner core to be completely dispersed in all directions. Therefore, regardless of the measure of intensity, the intensification of a tropical cyclone is possible if, and only if, the strength of the primary circulation increases. The fractionally induced inflow in the thin boundary layer cannot be a direct cause of intensification of the primary circulation in the main body of the cyclone, because the radial pressure gradient that drives the frictional inflow can increase only when the primary circulation in a deep layer increases. (For this reason, the sectionalized vortex in the theory by Carrier (1971) would collapse if the artificial walls in his model were removed.) A simple and effective way to increase the rotation in the main body is to induce a radial inflow in the deep layer while conserving the absolute angular momentum. A layer of outflow at the top is needed to keep the inflowing air from accumulating in the interior.
The deep-layer inflow is, in essence, all that is needed for intensification of the cyclonic rotation. Its effect is cumulative and not influenced by surface friction. It may simply cease when the cyclone reaches a mature stage. There is one problem with this scenario, however. Energy , is required for it to happen, especially an input of thermodynamic energy to lift the air at the end of its inflow leg to the higher level of the outflow. The kinetic energy necessary for increasing rotational winds is only a fraction of the required thermodynamic energy. As the supplier of the required thermodynamic energy, the secondary circulation in the frictional boundary layer, and in the moist updraft, becomes an indispensable partner of the cyclonic intensification.
The moist updraft must be convectivelly unstable; that is, the latent heat released by condensation of water vapor in the updraft must be greater than the amount of heat energy required by the moist air to rise from the boundary layer to the outflow level, so that the air from the middle layer can be entrained into the updraft and also lifted to the outflow level. In brief, the excess amount of latent heat released in the unstable convection does not directly raise the temperature of the inner core, but allows the mass flux of the updraft to increase with height by entrainment . This process further permits contraction of the air in the main body of the cyclone. The warming of the inner core is largely due to adiabatic adjustments of the mass field in response too the increasing rotation in the deep layer of the vortex. If the cyclonic intensification continues, however, the inner core becomes so warm that the updraft is no longer unstable. Then, there is no more excess energy for intrainment , and the intensification comes to an end, although a slow change may continue in the outer area where the convection is still unstable. In this quasi-steady state, the frictionally induced inflow does not stop, and the heat input to the boundary layer from the ocean must continue in order to maintain the neutral moist ascent in the warm inner core. Thus, the intensity of a mature cyclone may rapidly respond to a change in the ocean surface temperature, and more drastically to a substantial reduction of latent heat transfer in the case of landfall.
The above is a very abbreviated description of the cooperative intensification theory. To formulate the theory, and numerical models, in a specific and quantitative form, one more point of great technical importance should be considered. Moist convective instability in numerous clouds is an undeniable fact of the tropical cyclone, and we have just shown that it is, indeed, necessary for intensification. As we have shown, convective clouds are in the energy-cascading regime of dynamics. Our problem, here , is how to handle the moist convection without letting the theory, itself, cascade into intractable turbulence. Obviously, we have to institute a closure assumption at some point in the spectrum of cascading scales. The closure, or the so-called just geometrical scales are involved; that is, the dynamic characters of motion change with the scale. Therefore, we may attempt to bring a closure on organized convective systems, on individual clouds, or on in-cloud turbulence. The rationale for such a closure, as well as the complexity of the consequences, will vary accordingly.
Since the closure is not an exact science, there have been, and will be, different proposals and debates on specifics. Numerical techniques necessary in model simulation are not trivial problems, either. Nevertheless, it is important to recognize the achievements, as well as the limitations, of various model studies in general terms. For this purpose, the main direction of progress in tropical cyclone modeling may be divided into three phases as discussed below.
The models of the first phase, the so-called balanced models, capitalize on the extraordinary strength of local rotational constraint, which characterizes a mature tropical cyclone. As shown in Fig. 2 , the motion in a mature cyclone is in a quasi-balanced state (gradient wind balance) on nearly all scales, except for that of individual clouds. Therefore, any organization of clouds in the inner core should be strongly controlled by the balanced flow of the vortex. In other words, the organized convection in the eyewall and in inner rain bands, although geometrically of the mesoscale , is not controlled by the ordinary mesoscale dynamics, but by the deterministic dynamics of the balanced flow. This is the fundamental rationale of the balanced model, with the closure assumption that puts the dynamics and thermodynamics of moist convection completely on the implicit side, and the primary and secondary circulations of the balanced vortex on the explicit side, of the scale division. This closure is invalid in the early stage of the tropical cyclone in which the scale gap between the convective clouds and the balanced flow is too wide, and never was intended for inquiry into the question of tropical cyclogenesis.
On the other hand, the validity of the closure improves asymptotically as the cyclone intensifies. Therefore, although a 'model simulation may be started from as weak a vortex as desired, the results are not interpretable physically until the model cyclone develops into a fully nonlinear stage. For the later stage of intensification and also in the mature stage, however, the model results are not only realistic, but provide us with a clear insight into causal relationships among observed charac- Linear mathematics necessitated that the theoretical demonstration be confined to the growth of small-amplitude disturbances on the basic state of no-motion. This is technically inconsistent with the physical reasoning of the closure, and the linear theory in either version was not intended to explain tropical the inner core is the principal factor in the selflimiting mechanism of intensification, and the nonlinear advective terms in the equation of motion play a crucial role in determining the radius of the eye or that of maximum wind. Many arguments with the linear theory about preferred scales, or short-wave cutoff, are irrelevant to the tropical cyclone. Between the radius of the maximum wind and the Rossby radius of deformation in the outer environment, there is no other scale dynamically significant enough to be "preferred." Only through later work with nonlinear numerical models have the importance of these and other nonlinear processes become properly and specifically understood.
If one regards the acronym CISK to mean strictly the original linear theory, it represents a crude and incomplete idea by the present standard. Some conjectures in Charney and Eliassen were overstated and may have misled the indiscriminating reader. The present author views CISK in terms of the conceptual content that has grown and 'matured with advances in modeling work. Then, the spirit of CISK as the cooperative intensification theory is valid and alive. It is unfortunate, however, such a view of CISK does not seem to be shared by the majority of users of the acronym. On one hand, there are those who continue on criticisms of CISK as the linear theory, ignoring all the later contributions that have cast a better light on the theory. On the other hand, there are those who attach the acronym CISK to almost anything at their convenience. As the result of this arbitrary practice, the acronym has become a useless term in any sensible communication.
The unfortunate practice started when a certain scheme of parameterizing moist convection, which was only a technical component of the original CISK theory, became known as CISK. For example, in the closure of the balanced model of the tropical cyclone, an assumption (Ooyama, 1963 and 1969) was made that the release of latent heat by moist convection in a vertical column was proportional to the supply of unstable moist air at the bottom of the column (more specifically to the vertical motion at the top of the mixed boundary layer). This assumption is commonly, but confusingly, referred to as the CISK parameterization and attributed to Charney and Eliassen (1964) . As a linear theory or a concept, CISK does not require this particular assumption. In fact, Charney and Eliassen use a different assumption that combines the total moisture convergence to a vertical column with the notion of a reduced effective saturation humidity. Furthermore, many numerical models of the tropical cyclone operate on a variety of parameterization schemes, or even without pa- Syono and Yamasaki (1966) , but many papers of so-called CISK theory are discussing convective clouds in disguise. Wave-CISK (Lindzen, 1974) is a typical example of such non-CISK theories in the literature. If mathematical solutions and interpretive arguments of the paper are carefully examined, we have to conclude that Lindzen's "CISKable" tropics have no clouds . In recognition of this difficulty, the Wave-CISK now takes moist convection as an externally assumed forcing term, making the acronym totally meaningless.
If we are interested in developing a genuine CISK theory for the general state of the tropics, we must consider not just a better parameterization scheme but the possibility of parameterizing mesoscale convective systems or, at least, a more general closure hypothesis than the ones we have now. There will be no easy answers. For the sake of the future, we may attempt to shed a little light on the current difficulty. Fig. 3 illustrates three processes that are important to moist convection over the tropical oceans. The abscissa is a spectral representation of horizontal scales, which we are interested in for the closure. The ordinate indicates the time rates of the three processes. Specifically, moist convective instability of individual convective clouds is shown as the rate of consumption of unstable moist air in the mixed layer. The clouds are on the implicit side of the closure and are independent of the scale of our interest on the explicit side. A rate of (1/2 hour)-1 is shown by line (c) on the diagram. To maintain convection over the tropical oceans, either continuously or continually, the mixed layer must be maintained by transfer of sensible and latent heat from the ocean. A typical rate of mixed-layer recovery (1/2 day)-1 is shown by line (b). It is obvious that moist convection cannot continue just by tapping the ocean below. If the convection were to continue in an area for many hours, the required moist air would have to be imported from the mixed layer outside that area. In the case of the tropical cyclone (except for the incipient stage), the advective supply is accomplished by the fractionally induced radial flow, which is on the explicit side of the closure. The advective supply rate, corresponding to 10ms-1 of the convergent component of wind, is shown by a slanted line (a). For this speed, the convection can be supported continuously over an area of 15km in linear scale, which may well be the eyewall convection.
In the normal state of the tropical atmosphere, as well as in an incipient cyclone, moist convection can continue for hours in the form of organized systems. This is possible for such a system, when it generates mesoscale circulations to secure the supply of moist air. Squall lines, for example, achieve the supply by moving relative to the mixed layer air. For the closure or parameteri-about basic problems of the tropical cyclone. The conceptual understanding, of course, does not imply the knowledge that would be sufficient to replicate the real tropical cyclone with numerical models. The models have simulated "realistic" cyclones in all sizes and intensities but, thus far, none that is good enough to be called real. The age-old problems of turbulence and cloud microphysics are still with us. If we choose to calculate clouds and mesoscale systems explicitly, their stochastic nature in the time scale of the tropical cyclone will raise the problem of digesting and properly interpreting enormous numerical results. To those who work with problems of the future, what we have already learned may look miniscule.
But, this history tells us, at least, that understanding the problems to be solved is as important as solving them.
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